Epidemiological studies suggest an association between ambient particulate matter and cardiopulmonary diseases in humans. The mechanisms underlying these health effects are poorly understood. To better understand the potential relationship between particulate-matter-induced inflammation and vascular disease, a 2-phase retrospective study was conducted. Phase one included the review of heart, lung, and kidney tissues from high-dose and control male B6C3F1 mice exposed by inhalation to 9 particulate compounds for a 2-year period. The results showed that high-dose males developed significantly increased incidences of coronary and renal arteritis over controls in 2 of the 9 studies (indium phosphide and cobalt sulfate heptahydrate), while marginal increases in arteritis incidence was detected in 2 additional studies (vanadium pentoxide and gallium arsenide). In contrast, arteritis of the muscular arteries of the lung was not observed. Morphological features of arteritis in these studies included an influx of mixed inflammatory cells including neutrophils, lymphocytes, and macrophages. Partial and complete effacement of the normal vascular wall architecture, often with extension of the inflammatory process into the periarterial connective tissue, was observed. Phase 2 evaluated the heart, lung, kidney, and mesentery of male and female B6C3F1 mice from the 90-day studies of the 4 compounds demonstrating arteritis after a 2-year period. The results showed arteritis did not develop in the 90-day studies, suggesting that long-term chronic exposure to lower-dose metallic particulate matter may be necessary to induce or exacerbate arteritis.
INTRODUCTION
Epidemiological studies have clearly demonstrated an association between levels of ambient particulate matter (PM) and increased morbidity and mortality of cardiopulmonary disease in humans (4, 24, 25, 26) . Increased mortality has occurred in response to short-term changes in ambient particulate air pollution as well as long-term chronic exposure to fine particulate matter (24) . The underlying pathophysiologic mechanisms for these health effects are poorly understood, however, hypoxia, autonomic nervous systemactivated changes in heart rate, heart rate variability, and plasma viscosity have been implicated.
Recent studies using normal and cardiovascular compromised rats have shown substantial cardiac and pulmonary physiological and histologic effects resulting from PM exposure. For example, Kodavanti (12) and Watkinson (28) have detected conductive and hypoxemic arrhythmias as well as depressed heart rate after exposure to particulate matter. Intratracheal exposure of rats to residual oil fly ash (ROFA), an emission source particulate, and inhalation of metallic constituents has also been associated with a significant increase in plasma fibrinogen (3, 7) .
Particulate matter exposure has also been associated with increased cytokine expression in the lungs. For example, increased pulmonary mRNA expression of IL-6, cellular fibronectin, and glucose-6-phosphate dehydrogenase (relative to that of beta-actin) has been observed in both normal and spontaneously hypertensive rat strains after PM exposure (11, 12) . Finally, increased inflammation in the thoracic and abdominal aorta following acute exposure of rats to concentrated ambient particles and cardiomyopathy and mononuclear cell infiltration in the lungs of spontaneously hypertensive rats exposed to various levels and durations of PM have also been detected (11, 12, 28) . Taken together, these data suggest that rodents are susceptible to particulate matterinduced cardiac disease with presentation similar to the human. As a model system, rodents offer the advantage of providing histologically relevant lesions with which to explore potential mechanisms of particulate-induced cardiopulmonary disease.
In a recent carcinogenicity study conducted by the National Toxicology Program (NTP), systemic arteritis was detected in B6C3FI mice exposed by inhalation to indium phosphide (20) . In both sexes, the inflammatory vascular disease involved the coronary arteries, the proximal aorta, and to a lesser extent the arteries of kidney, mesentery, lungs, and lung-associated lymph nodes. Both sexes were affected similarly. Because of this finding and the burgeoning evidence that vascular disease may be related to particulate matter exposure, we undertook a 2-phase retrospective study. Phase 1 targeted the heart, kidney, and lungs from high-dose and control male B6C3F1 mice exposed by inhalation to 9 particulate compounds over a 24-month periods to determine the expression and incidence of systemic inflammatory vascular disease. Based on those studies, phase 2 evaluated the heart, lung, kidney, and mesentery of male and female B6C3F1 mice from the 4 compounds demonstrating arteritis after a period of 90 days to determine whether the induction of arteritis was the result of short-term, direct toxic effect(s) or required a longer, chronic course for development.
MATERIALS AND METHODS Chemicals
A group of 9 chemicals representing all particulate matter compounds studied by the NTP were evaluated. These included indium phosphide (NTP, 2001B) cobalt sulfate heptahydrate (18) , vanadium pentoxide (21) , gallium arsenide (19) , nickel oxide (14) , nickel subsulfide (15), nickel sulfate hexahydrate (16) , talc (13) , and molybdenum trioxide (17) . A summary of the particle size, expressed in mass median aerodynamic diameter (MMAD), for each compound showing exposure related arteritis is provided in Table 1 .
Study Design
A 2-phase retrospective study was undertaken to determine the incidence and morphology of potential inflammatory vascular disease associated with particulate matter exposure. The first phase evaluated selected tissues including heart, kidney, and lung from all control and high-dose male B6C3F1 mice exposed by inhalation to each chemical. Phase 2 evaluated the heart, lungs, kidney, and mesentery of control and high-dose male and female B6C3F1 mice from 4 subchronic (90-day) studies. These studies were chosen based on the findings of the first phase in which 4 compounds were identified that resulted in an increased incidence of arteritis as a result of inhalation exposure. These compounds included indium phosphide, cobalt sulfate heptahydrate, vanadium pentoxide, and gallium arsenide. The high-dose concentrations of each compound and the number of mice evaluated in the chronic and subchronic studies are outlined in Table 1 .
Histopathology
All mouse tissues were processed and evaluated using standard pathology techniques. Briefly, complete necropsy and microscopic examinations were performed on all mice. At necropsy, all organs and tissues were examined for grossly visible lesions, and all major tissues were fixed and preserved in 10% neutral buffered formalin, processed and trimmed, embedded in paraffin, sectioned to a thickness of 5-6 µm, and stained with hematoxylin and eosin for microscopic examination.
Because of the variability in presentation of specific blood vessels within tissue sections of the heart and the kidney, arteries were defined as follows: 1) the main coronary artery, a large muscular artery that resided on the superficial aspect of the left ventricular wall as it branched from the proximal aorta, 2) other smaller coronary arteries, usually smaller in caliber, found more deeply embedded within the ventricular wall, and 3) the renal artery, a large muscular artery which was usually sectioned at various levels prior to or immediately within the kidney parenchyma. Although all heart, kidney, and lung tissues from all animals from the high-dose and control groups were examined, not all heart tissue sections contained the main and/or smaller branches of the coronary artery because of sampling and sectioning technique. Therefore, we reported only the number of mice with tissue sections containing the arterial sites of interest. These animals were notated as the number of animals examined. It was possible that a single mouse exhibited more than one lesion, however, that mouse was counted once.
Statistical Analysis
The incidence of arterial lesions in high-dose and control groups were compared by Fisher's exact test and also by the survival-adjusted Poly-3 procedure (1).
RESULTS

Arteritis-Distribution and Morphology
An increased incidence of arteritis was observed in highdose over control male mice in 4 of the 9 2-year studies. These compounds included indium phosphide, cobalt sulfate The morphologic features of arteritis were similar in all studies and consisted of a variable influx of mixed inflammatory cells including neutrophils, lymphocytes, and macrophages into the vascular wall of large muscular arteries. Frequently, this influx resulted in partial or complete effacement of the vascular wall architecture, therefore the inflammatory infiltration of the blood vessel wall ranged from focal to segmental to circumferential. Often, the mixed inflammatory cell infiltrate included the periarterial connective tissue. Occasional necrotizing fibrinoid change was noted within and surrounding the blood vessel wall. Fibrinoid necrosis was most frequently associated with total mural effacement.
Selected endothelial cell hypertrophy or necrosis was often observed in close proximity to the vascular mural inflammatory cell infiltrate. Fragmentation of the elastic laminae was frequently detected in association with this influx. Variable degrees of necrosis were also located within the intima, media, and/or adventitia of the blood vessel wall. The extent of mural necrosis varied greatly from focal to complete destruction. Endothelial cell and/or medial vascular smooth muscle hypertrophy or hyperplasia was also observed in conjunction with the inflammatory response in some arteries. Vascular smooth muscle proliferation was particularly notable in renal and coronary arteries from animals exposed to gallium arsenide and cobalt heptahydrate. Representative examples of the morphology of these lesions are shown in Figures 3  and 4 .
Arteritis-Incidence
The incidence of arteritis detected in male B6C3F1 mice in the 4 NTP studies are summarized in Table 2 . Similar results were found by both the Fisher's exact and the Poly-3 statistical tests.
The data shows that a statistically significant ( p < 0.05) increase in the incidence of main coronary arteritis was observed in the high-dose male B6C3F1 mice exposed to indium phosphide. Although statistical significance was not observed in any single anatomic site of high-dose male mice exposed to cobalt sulfate heptahydrate, statistically significant levels were reached when total high-dose male mice exhibiting arteritis lesions were tabulated ( p < 0.05). In contrast, the expression of arteritis resulting from gallium arsenide and vanadium pentoxide exposure was elevated, but not significantly.
Arteritis was observed only in male B6C3F1 mice exposed over a 2-year period. Review of heart, lung, kidney, and mesentery from all high-dose and control male and female B6C3F1 mice exposed to indium phosphide, cobalt sulfate heptahydrate, vanadium pentoxide, and gallium arsenide for a 90-day period resulted in no statistically significant increase in the incidence of arteritis over normal controls.
DISCUSSION
Four compounds, indium phosphide, cobalt sulfate heptahydrate, vanadium pentoxide, and gallium arsenide, showed evidence of increased expression of arteritis in the coronary and renal arteries of B6C3F1 mice. Although the incidence of arteritis varied between individual compounds, its expression following exposure to 2 of these compounds, indium phosphide and cobalt sulfate heptahydrate, was statistically significant. Furthermore, the incidences of large muscular arteritis in these studies were considered to be remarkable because of two factors. Arteritis was detected in multiple tissues from both the thoracic and abdominal cavities, and therefore represented systemic development. Secondly, any expression of arteritis was considered striking given that the incidence of arteritis is uncommon in B6C3F1 mice.
It is particularly noteworthy that the morphology of the arteritis lesions within the heart was distinctly different from the degenerative changes associated with age-related cardiomyopathy in the B6C3F1 mouse (5) . The principal lesion of cardiomyopathy is myocardial degeneration and/or necrosis, an increase in the amount of interstitial fibrous connective tissues, and in some cases a minimal-tomild infiltrate of mononuclear inflammatory cells between and within myocytes. These processes often, but not exclusively, are associated with minimal mononuclear inflammatory infiltrates and fibrosis that surround predominantly small caliber blood vessels within or in direct apposition to the myocardial injury. The arteritis lesions observed in the current study were distinctly different. These lesions were characterized by frank invasion of large muscular coronary artery walls by a mixed inflammatory infiltrate, often in association with periarterial inflammatory cell infiltrates.
The induction of coronary arteritis in the B6C3F1 mice, an uncommon lesion in this species, suggests the possibility that direct or indirect toxic damage may occur as a result of exposure to these particulates by inhalation. A primary function of the lung is to provide an extensive capillary network for the uptake and distribution of inhaled substances directly into the bloodstream. Recently, Takenaka et al reported that inhalation of low concentrations of ultrafine (15 nm) elemental silver particles by rats over a 7-day period appeared rapidly in the blood at day 0 and decreased rapidly thereafter (27) . Low concentrations of silver were subsequently found in the liver, kidney, spleen, brain, and heart. High concentrations were found in the nasal cavities and lung-associated lymph nodes. These findings indicate that particles rapidly enter the bloodstream postinhalation and that the heart and kidney are two of the preferred organs of particle deposition. Although particles in the 2.5-µm size range have been implicated as the most important determinant in pollutant-related health effects (8) , including cardiac disease, the current studies suggest that particle size was not the sole determinant in the onset of arteritis. Eight of the 9 compounds evaluated in this study had an MMAD < 2.5-µm range. Only half of these compounds were associated with an increased incidence of arteritis.
The distribution and morphology of these lesions however, may provide insight into the mechanism(s) of this disease. Vascular damage caused by the deposition of immune complexes in the walls of compromised arteries is the classic mechanism cited for the development of arteritis. Immunecomplex-mediated disease is principally a disease of small to medium-sized blood vessels (10) . Although fibrinoid change, a hallmark lesion in this type of arteritis, was noted in selected lesions, the insudation of serological proteins in and around the vascular wall was most likely the sequela, rather than the instigator, of vascular inflammatory disease. The probability that fibrinoid necrotizing changes are initiated by immune-complex mediated mechanisms at the 2-year stage is highly unlikely, because these events would be expected much earlier in the tissue response to injury. Conversely, because arteritis was observed only in the 2-year studies, it is impossible to predict the initiating sequence of events, therefore an immune-mediated mechanism cannot be fully ruled out as an instigating and ongoing mechanism of vascular disease in these mice.
Another plausible explanation may be the initiation of vascular damage through the stimulation of neural pathways. Although complex, stimulation may occur through both local and central pathways by activation of reflex arcs. Although recently discovered in the human, the reflex arc effect on cardiac function is well known in rodents (29) . It is speculated that the activation of pulmonary irritant receptors leads to stimulation of the autonomic neural pathway. Efferent responses to this stimulation may have direct cardiac effects including modulation of coronary vascular tone (29) .
Large muscular arteriopathy and arteritis resulting from disruption in vascular tone is not unknown in rodents. It has been previously reported in rats as a result of administration of vasodilators-a chemical class of compounds known to directly effect vascular tone (9, 22) . For example, evaluation of tissues from a series of studies involving the oral administration of theophylline to F344/N rats, demonstrated substantial arteritis in the medium and large muscular arteries of the mesentery after 16 days, 14 weeks, and 2 years of administration. Although possibly immune-mediated, it was hypothesized that this lesion was more likely due to a pharmacologic/toxic mode rather than hypersensitivity. Due to the high degree of similarity between the arterial lesions seen in this study and those conducted with phosphodiesterase inhibitors III and other vasodilators, changes in arterial compliance and/or intramural tension due to vasodilation must be considered as a potential mechanism underlying arteritis in the current studies (22) . In support of this notion, time course studies with fenoldopam, also a vasodilator, have shown that large muscular arteries are the principal targets of vascular wall damage, which begins as medial necrosis, followed by adventitial macrophages and T and B lymphocytes in 3 to 5 days (9) . Gaps in the external elastic membrane were also noted at the same time points. IgG and IgM were first noted at the site of medial necrosis, but were detected several days later in the subendothelial and adventitial spaces suggesting a passive, rather than active, role in the induction of inflammatory vascular disease in this model. Finally, further support that hemodynamic factors may contribute to the development of arteritis in the current studies is the distribution of arteritis in large muscular arteries, particularly at branch points. It is well known that branch points are highly vulnerable to hemodynamic stress, which, under the conditions of altered vascular tone, would augment the conditions of altered vascular compliance and intramural tension. Therefore, these studies and TOXICOLOGIC PATHOLOGY observations suggest the possibility that mechanisms other than immune-complex deposition may contribute to the onset of arteritis in the current studies. Vascular tone may play a role, although differences between the onset and location of arteritis in the B6C3F1 mice and the vascular disease described in F344/N rats exposed to theophylline were noted. In particular, the predilection of theophylline-induced arteritis to develop acutely in medium-sized muscular mesenteric arteries is considered to be dependent upon the lack of supporting tissues and/or the expression of specific receptors to theophylline (22) . However, because of the morphologic similarities between the PM-related arteritis in the current studies and those induced by the aforementioned vasodilators, alterations in vascular tone should be considered. Whether altered vascular tone is due to direct pharmacologic/toxic effects in a manner similar to theophylline or indirectly through the release of PM-induced inflammatory mediators related to unique regional arterial compliance or function is currently not clear. Further studies investigating the full range of PM-related arteritis are necessary to make a complete comparison between these inflammatory vascular diseases and whether or not similar mechanisms are involved in PM-related arteritis.
Arteritis was only detected in mice exposed by inhalation for 2 years. Evaluation of mice exposed for 90 days by inhalation to the same compounds at very high doses did not induce arteritis. These results suggest that long-term chronic exposure to lower-dose particulate matter may be necessary to induce arteritis, rather than short-term, high-dose exposure. Alternatively, arteritis in the B6C3F1 mice may represent exacerbation of vascular lesions associated with the physiologic events underlying the aging process. How aging, PM exposure, and the possible differences in arterial function based on location within the vascular tree relate to one another are issues requiring additional study. Although some information has been gained regarding ambient particulate matter-induced cardiovascular effects using rats, until now, no studies to our knowledge have used mice for this purpose.
In conclusion, a 2-phase retrospective study was conducted to better understand the potential relationship between particulate-matter-induced inflammation and vascular disease. The results showed that high-dose males developed significantly increased incidences of coronary and renal arteritis over controls in 2 of the 9 chronic 2-year studies (indium phosphide and cobalt sulfate heptahydrate) with 2 other chemicals (vanadium pentoxide and gallium arsenide) showing marginally elevated increase in these lesions. In contrast, arteritis of the muscular arteries of the lung was not observed. Phase two evaluated the heart, lung, kidney, and mesentery of male and female B6C3F1 mice from the 90-day studies of the 4 compounds demonstrating arteritis. Taken together, these data suggest that certain particulate-matter compounds induce coronary and renal arteritis and that a long-term course of exposure is necessary to induce or exacerbate this disease in B6C3F1 mice.
